Abstract. The aerodynamic temperature is required for prediction of the surface heat flux using Monin-Obukhov similarity. This "fictitious" temperature is not systematically equal to the actual air temperature near the surface and is not directly available from observations or in numerical models. The aerodynamic temperature is normally replaced with either the canopy air temperature or the surface radiation temperature, sometimes accompanied by adjustment of the thermal roughness length or specification of an excess resistance. In this study, the relationship between the aerodynamic temperature and the surface radiation temperature is examined in terms of the surface energy budget and simple representation of canopy structure. Previous inconsistencies are discussed. The observed behavior of the aerodynamic temperature is studied using Canadian Twin Otter aircraft data from BOREAS over nine different forested and nonforested sites. Variation of the behavior of the aerodynamic temperature between different parts of the boreal forest is found to be strongly correlated with the red reflectance. 
Introduction
Formulation of the surface heat flux is not well posed over most real surfaces because of ambiguity in the definition of the surface temperature. For prediction of moisture fluxes the surface temperature can be eliminated by combining the surface energy budget with the bulk aerodynamic formula, as in the Penman or Penman-Monteith method [Monteith and Unsworth, 1990 ].
Prediction of the surface heat flux is normally posed in terms of a single surface temperature or two separate temperatures representing the canopy and subconopy surfaces. However, definition of the surface temperature(s) from observations is not straightforward. Even with hypothetically perfect information on the temperature distribution for every single leaf, it is not obvious how to define unique canopy temperatures for calculation of heat fluxes. For this reason, the estimation of bulk transfer coefficients or resistances for heat from observations is never unique.
Prediction of the heat flux in terms of multiple surface temperatures can remove some of the inadequacies incurred with use of single surface temperature, as will be noted below. Although the motivation to use multiple surface temperatures seems irresistible, many modeling applications will continue to relate the surface heat flux to a single surface temperature to accommodate required economy and simplicity. Additionally, observational setups often measure only a single surface temperature because of other priorities. The transfer coefficient is negative (countergradient flux), and the radiometric roughness length is greater than the observational height when the heat flux is upward, yet the averaged surface radiation temperature is less than the air temperature, as occurred in the work of Kustas et al. [1990] . For example, over short agricultural crops, upward heat flux is generated by hot bare soil between the rows, while cooler transpiring crops may cause the averaged surface radiation temperature to be less than the air temperature [Sun and Mahrt, 1995a] . Over semiopen forest canopies, upward heat flux is generated by the canopy top that is only slightly warmer than the air temperature, while shaded ground surfaces can cause the averaged surface radiation temperature to be cooler than the air temperature [Sun and Mahrt, 1995b] . This problem is reduced by relating the heat flux separately to the canopy and subcanopy temperatures [Lhomme et (Figure 2a ) which is assumed to be the true air temperature in the canopy. These resistances define the heat flux between the canopy leaf surface and the canopy air and between the ground or understory and the canopy air (Figure 2a) . The heat flux above the canopy is then computed from (2) by determining the resistance above the canopy from Monin-Obukhov similarity theory. Unfortunately, this computation requires that the canopy source air temperature be equal to the aerodynamic temperature in order that similarity theory be applied. Since the aerodynamic temperature is a fictitious temperature resulting from extrapolation of the similarity profile down to the roughness height, the two uses of the canopy air temperature are in conflict. Therefore existing models are inconsistent.
The present study defines the aerodynamic temperature as that surface temperature which predicts the correct heat flux in (1) or (2), given the atmospheric transfer coefficient determined from Monin-Obukhov similarity theory (section 2). The roughness length for heat is eliminated as an adjustable parameter by specifying it to be equal to the roughness length for momentum; this precisely defines the aerodynamic temperature used in this study (section 2). Equivalently, we could have related the heat flux to the surface radiation temperature and introduced an adjustable excess resistance which, for the present data, must be allowed to take on negative values. The excess resistance and aerodynamic relationship are mathematically related and one can be computed from the other (section 2.•).
We summarize by noting that the surface heat flux can be formulated using Monin-Obukhov similarity theory and a single surface temperature by (1) predicting the thermal roughness length, (2) specifying an excess resistance, and (3) modeling the aerodynamic temperature. The first two approaches suffer problems particularly with partial vegetation cover, while the third approach is unproven. In this study, we examine the behavior of the aerodynamic temperature from observations toward the eventual goal of modeling the aerodynamic temperature.
The relationship between the aerodynamic temperature and the surface radiation temperature will be examined in terms of heat fluxes spatially averaged from Canadian Twin Otter aircraft measurements during the Boreal Ecosystem-Atmosphere Study (BOREAS). Most flight tracks extend over a region of a single dominant tree species but also include smaller populations of secondary species and may include some variations of tree age and height. Additional tracks encompass burned and cleared areas and an agricultural region. The formulation of spatially averaged fluxes are more applicable to numerical models than point measurements; however, information on the canopy is limited to aircraft remotely sensed data.
The next section derives a theoretical expression for the aerodynamic temperature. Using data described in section 3, the relationship between the aerodynamic temperature and the surface radiation temperature is studied in sections 4 and 5.
Aerodynamic Temperature

Relation to Surface Radiation Temperature
The aerodynamic temperature can be estimated from observations in the following ways: (1) using similarity theory, extrapolate the temperature profile downward from the surface layer to the roughness length for momentum [Huband and Monte#h, 1986 
For the third approach, specification of the roughness height and stability function are not required. Using the data described in section 3, we found that the differences between the three calculations of the aerodynamic temperature are usually less than 0.2øC with an extreme value reaching 0.3øC. These differences are small compared to the errors in the rest of the analysis (section 3). We adopt the simpler approach and define the aerodynamic temperature in terms of (4). Then, the aerodynamic temperature becomes the single tunable parameter for the heat flux, and the stability function and roughness length for heat are eliminated from the calculation. Equations (3) and (4) mathematically define the aerodynamic temperature for this study.
Recall that application of Monin-Obukhov similarity theory requires that the surface air temperature be defined as the aerodynamic temperature which may be quite different from any observable temperature at a fixed level near the surface and may be quite different from the surface radiation temperature. However, models either replace the aerodynamic temperature with the surface radiation temperature or a canopy air temperature. In this section, we will make the usual assumption that the aerodynamic temperature and canopy air temperature are the same. The actual behavior of the aerodynamic temperature will be examined from observations in sec- 
Surface Resistance
Often, the surface resistance is related to the growth of the molecular sublayer over individual leaves. Within the concept of the total heat flux, this approach makes the "big leaf" assumption. This approach also assumes that the air temperature is sufficiently mixed in the canopy and that the air temperature at the outer edge of the molecular sublayer can be represented by a single canopy air temperature. This canopy air temperature is then again equated to the aerodynamic temperature T O in order to use similarity theory above the canopy. Then the heat flux in the molecular sublayer adjacent to the leaf surface can be expressed in terms of the thermal conductivity •r and the bulk temperature gradient such that In addition, 15 runs over an agricultural area south of the boreal forest will be analyzed for some specific comparisons in section 4. Most of these runs occurred on separate days. Although the flight track was approximately 20 km, the random flux error was still significant because of only a single pass over the track. Some of the analysis below uses the agricultural data averaged over three periods, the late spring period when much of the area is bare soil and emerging crops, midsummer period when much of the area is covered with green crops dominated by canola and summer wheat, and the late summer period when much of the crop was senescent or harvested.
Surface Radiation Temperature
Since the field of view of the Barnes PRT-5 is about 5 m across, it can simultaneously include shaded and sunny ground surfaces with temperature contrasts of more than 10øC. Interpretation of the radiometer data must account for instrumental averaging of the upward longwave radiation over the heterogeneous field of view of the instrument window. We will neglect the fact that use of nadir (zero zenith angle) measured upward longwave radiation can lead to significant errors as an estimate of the hemispheric emission and, consequently, significant errors in the surface energy budget JOtterman et al., 1995, and others]. We will also neglect any inadvertent weighting within the window which depends on the details of the radiometer. Even without such complications, the temperature from the measured radiation does not correspond to the linearly averaged temperature over the field of view of the radi- Kustas [1990] have estimated the aerodynamic temperature from observations and studied the relationship between the aerodynamic temperature and the observed surface radiation temperature. Over winter wheat, Huband and Monteith [1986] found that the surface radiation temperature became cooler than the aerodynamic temperature on a windy day when deformed wheat plants exposed cool bare soil to the radiometer measurement. Over a partial canopy cover, Kustas [1990] found that the surface radiation temperature became significantly larger than the aerodynamic temperature with high solar elevation angle and associated large fraction of sunlit bare soil.
Averages for Different Sites
The errors in the surface-air temperature differences are thought to be of the order of iøC, so differences between sites less than iøC may not be significant. The variation of the air-surface temperature difference between different sites in Table 1 can be interpreted in terms of the canopy geometry. For semiopen canopies with taller trees, such as old aspen and old black spruce, the averaged surface temperature is strongly influenced by shaded ground and is therefore not significantly larger than the air temperature and is often smaller than the aerodynamic temperature. However, for more sparse canopies with shorter trees, much of the ground or understory surface is sunny at midday, as occurs for the burn and the young jack pine sites. ature is always warmer than the air temperature. Consider the following scenarios: Tsr c < Tai r. For 7 of the 17 cases the averaged surface radiation temperature is smaller than the air temperature corresponding to countergradient flux based on surface radiation temperature (negative excess resistance or undefined radiometric roughness height). Tsrc • Tair < To. For several cases the averaged surface radiation temperature is about the same as the air temperature but smaller than the aerodynamic temperature corresponding to very small total resistance, negative excess resistance, and very large radiometric roughness height. T• r < T•r c < T o. For some cases the averaged surface radiation temperature is greater than the air temperature but less than the aerodynamic temperature corresponding to negative excess resistance and radiometric roughness height greater than the momentum roughness length.
T•f c > T o. For June 13, the averaged surface radiation temperature is greater than the aerodynamic temperature corresponding to positive excess resistance, and the radiometric roughness length is smaller than the momentum roughness length.
Statistically considering all of the sites, the averaged surface radiation temperature is more likely to be cooler than aerodynamic temperature with partly cloudy conditions as opposed to clear skies. Partial cloud shading of the surface lowers the averaged surface radiation temperature, while the spatially averaged heat flux remains upward due to the flux from sunny areas. The cases in Figure 3 where the averaged surface radiation temperature is less than the air temperature occur either with low Sun angle or with partial cloud cover. Note that the Sun angle effect is related to microscale variations, while the cloud effect is more related to small mesoscale variations within the averaging area. Cloud effects are not explicitly included in this study.
Relationship to the Surface Energy
For the present data, the temperature difference Tsf c -T O is closely related to the incoming solar radiation. The incoming solar radiation determines the temperature of the sunlit part of the canopy which accounts for most of the heat flux. In contrast, the understory may play a relatively more significant role for the moisture flux [Lee and Black, 1993] .
Section 2 motivates relating the aerodynamic-surface temperature difference to the net radiation minus the latent heat flux (Enet, equation (9) 
Relationship Between Aerodynamic Temperature and Reflected Red Radiation
For the present data, the reflected red radiation ( Figure 5 ) is a much better predictor of Tsf• -To than the NDVI. Chlorophyll is a strong absorber of red radiation [Tucker, 1979; Yoder and Waring, 1994] . Therefore large reflected red radiation implies sunlit nontranspiring surfaces that are generally warmer than transpiring surfaces and act to increase the averaged surface radiation temperature. As an additional factor, shaded ground surface viewed from nadir can substantially reduce the total red reflectance [Graetz and Gentle, 1982] . For black spruce forests, Hall et al. [1995] find that the largest nadir values of red reflectance correspond to open sunny areas covered mostly with sphagnum moss (limited chlorophyll), while smaller red reflectance occurs for the sunny forest canopy top and shaded ground surfaces. In their study, the red reflectance for sparse black spruce decreases with increasing tree density (up to a critical density) due to increasing shaded ground. The NDVI responds less to changes in shaded fraction since changes in reflected red and near infrared partially cancel. As a result, the NDVI is unable to effectively discriminate between more open forests and more closed forests. In the black spruce forests the sunlit sphagnum moss reaches very warm temperatures [Sun and Mahrt, 1995b] acting to increase the averaged surface radiation temperature. Therefore the averaged surface radiation temperature increases with increasing red reflectance. Because the total heat flux and aerodynamic temperature T o are not so sensitive to the shaded ground fraction, the temperature difference T,fc -T o also increases with red reflectance. The warm sunny moss surface increases the average surface radiation temperature without significantly increasing the total heat flux because of small conductance between the subcanopy ground surface and the air above the canopy.
The strong relationship between the surface radiation temperature and the red reflectance apparently also applies to the jack pine forests (F. Hall, personal communication, 1996) where the lichen-covered ground surface is a strong reflector of red radiation, similar to the moss. The relationship between the temperature difference T,t c -T o and the red reflectance The reflected red radiation might be useful for constructing spatially averaged heat fluxes. However, for application of satellite data the red reflectance is more vulnerable to atmospheric effects than the NDVI. Such atmospheric effects will be much greater for satellite data compared to use of low-flying aircraft in the present study.
Conclusions
Most large-scale and operational numerical models relate the surface heat flux to a single surface temperature which is usually the surface radiation temperature computed from the surface energy balance. More sophisticated canopy models relate the heat flux to the canopy air temperature. However, both approaches commit inconsistencies since application of similarity theory requires these temperatures to be equal to the aerodynamic temperature of the air at the roughness height. The use of remotely sensed surface radiation temperature to predict the heat flux is quite complex over the boreal forest because of the influence of shaded subcanopy surfaces which occupy part of the field of view of the radiometers. This work forms the basis for future development of a model of the aerodynamic temperature. If such a model can be constructed, the present inconsistent application of MoninObukhov similarity temperature in numeral models could be avoided.
